1. Introduction {#sec1}
===============

Boron nitride (BN) is a wide band gap III--V compound consisting of equal proportions of B and N atoms.^[@ref1],[@ref2]^ The BN nanotube (BNNT) and hexagonal BN (*h*-BN) are comprised of alternating B and N atoms in a honeycomb arrangement similar to carbon nanotubes^[@ref3]^ (CNTs) and graphene^[@ref4]^ structures, respectively. Manifestation of a quantum-confinement effect in these low-dimensional structures provides them with superb material properties. While thermal conductivity^[@ref5]^ and mechanical stability^[@ref6]^ of these one-dimensional (1D) and two-dimensional (2D) BN morphologies are comparable to CNT and graphene, their electrically insulating properties,^[@ref7]^ high temperature resistance,^[@ref2],[@ref8]^ piezoelectricity,^[@ref9]^ and distinguishable chemical inertness^[@ref8]^ make them distinct from their carbonaceous analogues. Among key specifications of these BN nanostructures are their highly anisotropic properties. Whereas *h*-BN exhibits excellent in-plane mechanical strength and thermal conductivity, the out-of-plane strength and thermal coupling are limited by weak van der Waals (vdW) interactions and could become a mechanical weakness and thermal dissipation bottleneck. Similarly, BNNT shows great properties along the tube axis (e.g., yield strength comparable to CNTs^[@ref10]^ and thermal conductivity of ∼350 W/m-K).^[@ref11]^

Over the past few years, efforts have been made to fabricate several hybrid nanomaterials with modified or novel properties that typically are more attractive than their individual constituents. In the context of hybrid, low-dimensional materials, the majority of the research has been focused on carbon-based structures. Examples include carbon nanopeapod,^[@ref12]^ carbon nanobuds,^[@ref13]^ periodic graphene nanobuds,^[@ref14]^ pillared graphene,^[@ref15]^ and so on. The hybrid forms of BN are mainly fabricated in the group of ternary BCN materials by doping B and N in carbon systems or vice versa.^[@ref16]^ Examples comprise BCN-based nanotubes^[@ref17],[@ref18]^ and BCN-based nanostructures.^[@ref19]^ Other classes of hybrid BCN materials are obtained via direct deposition of *h*-BN on graphene,^[@ref20]^ or direct growth of graphene on *h*-BN,^[@ref21]^ or artificially stacked graphene-BN van der Waals solids.^[@ref22]^ Both theoretical and experimental studies suggest that hybrid nanomaterials can leverage the best aspects of their constituents and/or render new functionalities depending on the structural integrity and interfacial chemical bonding of the constituents.^[@ref14],[@ref16]^ However, in spite of the promising future of BNNT and *h*-BN, to our knowledge, there are no reported hybrid BN structures that encompass various BN allotropes to render enhanced or new properties---especially when compared to CNTs and graphene.^[@ref23]^ In this study, we report a new series of hybrid BN nanostructures by fusing single-wall BNNT and monolayer *h*-BN allotropes to create pillared boron nitride (PBN), which imparts several 3D mechano-mutable properties.

2. Computational Methods {#sec2}
========================

2.1. Molecular Dynamics Methods {#sec2.1}
-------------------------------

The LAMMPS package^[@ref24]^ was used for MD simulations. A bond-order Tersoff-like potential parametrized for BN^[@ref25]^ is adopted to account for the interatomic interactions. This force field has proved to present characteristics of both BN sheets and BN nanotubes in previous studies.^[@ref26]−[@ref29]^ To validate the accuracy of the force field potential in our simulations, the stress--strain plot of a (6,6) BNNT obtained from the MD simulations was compared with the results of our density functional theory (DFT) calculations on a (6,6) BNNT with 148 atoms (Figure S1, [Supporting Information](#notes-2){ref-type="notes"}). It is observed that the MD simulations closely match with our DFT results, thus confirming the accuracy of the force field potential. Before calculating mechanical properties, each PBN prototype was relaxed for 1 ns under the isothermal--isobaric ensemble (NPT) at zero pressure and temperature with the Nose--Hoover thermostat^[@ref30],[@ref31]^ for the time integration. All MD simulations were performed with a time step of 1 fs. All the mechanical (elastic and inelastic) properties were obtained by energy minimization at 0 K to exclude thermal effects. All visualizations have been carried out using the Visual Molecular Dynamics (VMD) virtualization package,^[@ref32]^ and stress counters were created by Atomeye, an atomistic configuration viewer package.^[@ref33]^

### 2.1.1. Calculation of Elastic Properties {#sec2.1.1}

Prior to calculating the elastic properties, we perform energy minimizations by the conjugate gradient method as implemented in LAMMPS to fully relax the PBN prototypes. Next, we adopted the stress--strain approach^[@ref14]^ to apply six strains to the cell coordinates to calculate the full elastic constant tensors. For each strain, we relaxed the system while the box dimensions were fixed. Then, by calculating the stress tensor via the virial theorem^[@ref34]^ we constructed a linear system relating stresses to strains by generalized Hooke's law in linear elasticity

In the above, σ and ε represent the stress and strain, while *C*~*ij*~ denotes the elastic constant components shown in contracted Voigt notation. By applying any nonzero strain in eq [1](#eq1){ref-type="disp-formula"} and calculating stresses, one can calculate a column of elastic constants. Thus, by repeating this procedure for all six strains we cover the whole elastic tensor. In this approach, off-diagonal components appear twice in the calculations, and to have a better estimate we take the average of the two equivalent off-diagonal terms. Hence, by using an orthogonal matrix factorization and the best least-squares fit, elastic constants can be found by minimizing^[@ref35]^

Here σ~r~ and ε~r~ are residual stress and residual strain; (ε~*i*~ -- ε~r~) is the applied strain; and the repeated indices indicate the Einstein summation rule. In this method, the uncertainty in *C*~*ij*~ values will be minimized with enhanced overall accuracy. This method has been successfully used to predict elastic constants of several crystalline materials.^[@ref35]^ We applied 5% strain in all six directions to calculate the elastic constants.

Once an elastic tensor, **C**, is obtained, we inverted it to get the compliance tensor, **S** = *C*^--1^. Then, the Young moduli along different orthogonal directions are^[@ref36]^

In eq [3](#eq3){ref-type="disp-formula"}, *S*~11~ refers to the first component of the compliance tensor and so on, and the indices 11, 22, and 33 denote respectively, *X*, *Y*, and *Z* directions. Then, the 3D elastic Young moduli along any arbitrary direction in space are calculated via classical rotation of a compliance matrix.^[@ref36]^ The anisotropic Poisson's ratios can also be obtained from the compliance tensor via

### 2.1.2. Calculation of Inelastic Properties {#sec2.1.2}

The inelastic properties (stress--strain plots) in each direction were obtained by applying strains at the increments of 1% in the corresponding direction while restraining the system against displacement in the other directions. The system was then allowed to relax, and the stress tensor was obtained via the virial theorem.^[@ref34]^ Stress--strain calculations were also repeated with 0.1% strain increments, which did not show a noticeable difference with the results from 1% strain increments.

2.2. Density Functional Theory (DFT) Calculations {#sec2.2}
-------------------------------------------------

To optimize the conformation of the junction, we used density functional theory (DFT)^[@ref37]^ based on Becke's three-parameter hybrid functional combined with the Lee--Yang--Parr correlation functional (B3LYP) with the 6-31+G\* basis set. These calculations were performed using the Gaussian 09 suite of programs.^[@ref38]^ To validate the accuracy of the used force-field potential, we obtained the stress--strain plot of BNNT along its tube axis by performing DFT calculations on a (6,6) BNNT with 148 atoms (72 B and 72 N). We employed the GGA exchange correlation functional with ultrasoft pseudopotentials^[@ref39]^ with a plane-wave basis set and a cutoff energy of 420 eV for the wave functions and 5035 eV for the charge density, as implemented in the PWSCF package of Quantum Espresso distribution.^[@ref40]^ We used periodic boundary conditions along the axis tube. The size of the vacuum in the in-plane direction was 16 Å. Before calculating the stress--strain plot, we performed energy minimizations to fully relax the system. Then, we applied incremental strains of 1% in the tube axis, and after each strain the box size was fixed. Then, the system was relaxed until each of the *X*, *Y*, and *Z* components of the force on any single atom was below 0.01 eV/Å. As the system size was large (148 atoms), we used γ-point sampling of the Brillouin zone. Figure S1 ([Supporting Information](#notes-2){ref-type="notes"}) shows the stress--strain plot of BNNT obtained from the DFT calculations, which validates the MD predictions.

3. Results and Discussions {#sec3}
==========================

3.1. Construction of PBN Prototypes {#sec3.1}
-----------------------------------

### 3.1.1. Creation of the Junction {#sec3.1.1}

Figure [1](#fig1){ref-type="fig"} shows a general schematic picture of 3D PBN made of 1D BNNT and 2D monolayer *h*-BN sheets. A key attribute of the PBN is the junction between the tubes and sheets for which there are several possibilities depending on the tube radius and chirality.^[@ref41]^ However, all possible configurations should satisfy Euler's theorem of polygons,^[@ref42]^ which allows determining the bond surplus, i.e., the excess in the number of polygonal sites compared with the normal value for the junction.^[@ref12]^ Unlike hybrid carbon-based materials, in the case of hybrid BN structures with alternating B and N atoms and sp^2^ configuration, only rings with an even number of sides (e.g., hexagons, octagons, etc.) are energetically favorable at the junctions. In other words, the proximity of two B (or two N) atoms is not energetically favorable. This relates the number of distinct defects to the so-called necklace and bracelet problems of combinatorial theory where the relation *E* = 6 + 2*J* should hold for each defect.^[@ref43]^ Here, *E* is the number of edges, and *J* is the number of joining positions (the black dots in Figure [2](#fig2){ref-type="fig"}a). We chose a defect configuration as shown in Figure [2](#fig2){ref-type="fig"}a (*E* = 30, *J* = 12) for which only an armchair BNNT can satisfy the Euler's theorem.^[@ref43]^ According to this theorem, the number of faces, *F*, vertices, *V*, edges, *E*, and genus, *G*, obey *F* + *V* = *E* + 2 -- 2*G*.^[@ref12]^ The BNNT and BN sheet can be mapped into a closed surface of genus 2, which means that a bond surplus of 12 should be shared between the BNNT and sheet (6 per each). For the BN structure, BN hexagon and octagon have a bond surplus of 0 and +2, respectively.

![Schematic picture of PBN made of 1D BNNT and 2D monolayer *h*-BN sheets.](jp-2014-044706_0002){#fig1}

![Procedure of constructing PBN. (a) The geometry of a defected *h*-BN monolayer sheet. The black dots represent the joined positions that lack a bond to satisfy sp^2^ configuration. (b) A (6, 6) BNNT and a defected *h*-BN ready to form the junction. (c) The system is fully optimized with DFT calculation and satisfies Euler's theorem. (d) A top view of the junction. (e) Schematic view of a typical unit cell of PBN, which includes four columns and two sheets. (f) A side view of PBN. Due to asymmetric junctions, BN sheets tend to be wrinkled. Pillar length (PL) represents the average height of the BN nanotubes. Interpillar distance (PD) denotes the average distance between the centers of the BN nanotubes. PDs along *X* and *Y* axes are identical. Note that the nanotubes are discontinued at the junctions with the sheets; nanotubes located farther on the *Y* axes are faded in color. (g) to (h) show the cross-section of PBN viewed along the *Z* axis at the intersection of the tubes and the sheets. The vertices of the black triangles represent the location of octagon rings at the junctions. In (a) to (h) B atoms are in pink, and N atoms are in blue. In the octagon rings, the B and N atoms are shown in red and green, respectively. At nonperiodic edges, hydrogen atoms (shown in yellow) fulfill sp^2^ configuration.](jp-2014-044706_0003){#fig2}

In our study, the junction was created computationally by bringing a (6,6) single-wall BNNT close to a defected *h*-BN monolayer sheet to form a 3D building block (Figure [2](#fig2){ref-type="fig"}a,b). The specific form of the defect in *h*-BN, shown in Figure [2](#fig2){ref-type="fig"}a, is consistent with the (6,6) BNNT to satisfy the sp^2^ configuration for all the atoms at the junction.^[@ref43]^ We fused the nanotube and the sheet in Figure [2](#fig2){ref-type="fig"}b by fully optimizing the system with DFT calculations to create the basic 3D building block (Figure [2](#fig2){ref-type="fig"}c). The final structure of the junction has three octagons, while the rest are all hexagons, in agreement with Euler's rule. Interestingly, the odd number of the octagon rings in this particular arrangement imposes the junction to form a triangular-type shape (Figure [2](#fig2){ref-type="fig"}d).

### 3.1.2. PBN Unit Cell with Periodic Boundary Conditions {#sec3.1.2}

The 3D building block in Figure [2](#fig2){ref-type="fig"}c was extended to 3D pillared motifs using a series of transformations and rotations to create the 3D unit cell of PBN with periodic boundary conditions. The final structure and cell dimensions are obtained by relaxing the unit cell via MD simulation under an isothermal--isobaric ensemble. Figure [2](#fig2){ref-type="fig"}e,f represents a typical PBN unit cell, which includes four columns joining two parallel planes of *h*-BN sheets. At each junction, the octagon rings are located at the vertices of a somewhat triangular-shape defect (Figure [2](#fig2){ref-type="fig"}g,h). Thus, each junction is locally symmetric along the *Y* axis (zigzag) but asymmetric along the *X* axis (armchair). After MD relaxation of the unit cell, such specific junction alignment causes the BN sheets to be wrinkled in both *X* and *Y* directions (Figure [2](#fig2){ref-type="fig"}f). Therefore, even in the absence of external force, both the junctions and the BN sheets are slightly stressed due to the imposed curvature. Such wrinkles have not been observed in analogous 3D carbon structures, which have an even number of nonhexagonal rings symmetrically aligned in the armchair and zigzag orientations.^[@ref15]^

Besides junctions, the interpillar distance (PD) and pillar length (PL) are two important structural parameters that define PBN properties (Figure [2](#fig2){ref-type="fig"}f). To reveal the effect of these parameters and explore their cooperation with the junctions, we consider two different PDs and PLs and create four distinct PBN prototypes, namely, PBN_I to PBN_IV (Figure [3](#fig3){ref-type="fig"}). The number of atoms and structural details of these four PBN prototypes are in Table [1](#tbl1){ref-type="other"}.

![Atomistic view of PBN_I to IV prototypes and their 3D contour of elastic moduli along any arbitrary direction in space. Any point on the sphere with the unit radius represents the tip of a unit vector, which is drawn from the center of the sphere (intersection of the three PBN planes). The surface of the sphere covers all possible 3D arbitrary unit vectors. PBN prototypes in the same columns (rows) have identical PDs (PLs). The *XY*, *XZ*, and *YZ* planes intersecting the spheres represent the planes of PBN prototypes and are not drawn in scale.](jp-2014-044706_0004){#fig3}

###### Number of Atoms, Structural Details, and Surface Areas of Four PBN Prototypes

                                 unit cell size (nm)                           
  --------- ------ ------ ------ --------------------- ------ ------ --------- --------
  PBN_I     1088   1.10   1.65   3.40                  3.46   2.54   2467.05   750.28
  PBN_II    2112   1.10   2.61   5.17                  4.99   2.69   2274.37   627.09
  PBN_III   1760   2.64   1.65   3.40                  3.46   6.09   2547.31   506.20
  PBN_IV    2784   2.64   2.61   5.17                  4.99   6.28   2378.90   354.08

3.2. Elastic Properties of PBN Prototypes {#sec3.2}
-----------------------------------------

Equations S1--S4 ([Supporting Information](#notes-2){ref-type="notes"}) show the calculated elastic constant tensors (stiffness matrices) of PBN_I to PBN_IV in GPa. While the elastic tensors are suggestive of an anisotropic behavior, the extent of this anisotropy differs from PBN_I to IV. To better understand this, we calculated the variation of Young's moduli along any arbitrary direction in space via rotation of elastic stiffness tensors.^[@ref36]^ Figure [3](#fig3){ref-type="fig"} shows the data in the form of 3D contours of elastic moduli, which upon linking with the PBN structures provide important physical insights to be discussed next.

First, from the 3D contours, it appears that there is a distinct behavior along the in-plane and out-of-plane directions for all PBN prototypes. Indeed, all prototypes represent significant in-plane symmetry, but the extent of the in-plane symmetry varies from PBN_I to PBN_IV. It is observed that structures with larger PDs (PBN_II and PBN_IV) exhibit a more pronounced in-plane symmetry resembling characteristics of transversely isotropic materials. This is because the larger the PDs, the fewer the junctions per unit planar area; thus asymmetric junctions have less influence on breaking the in-plane symmetry.

Second, all PBN prototypes exhibit relatively low stiffness in the out-of-plane direction as compared to the in-plane directions. This can be explained from the discontinuity of the nanotubes, which forces the h-BN sheets to participate in the out-of-plane deformation. However, since h-BNs are known to have low out-of-plane bending stiffness,^[@ref23]^ their contribution results in overall low Young modulus along the out-of-plane direction. However, when the PD is very small, the *h*-BN contributions become minimal, and PBN acts similar to parallel nanotubes. This explains the higher (≈100% and ≈300%) out-of-plane Young moduli of PBN_I and PBN_III than those of PBN_II and PBN_IV, respectively. Similarly, in the planar directions, PBNs with smaller PLs exhibit higher in-plane stiffness owing to the contribution of more nanosheets per unit area normal to the in-plane direction. This elucidates the higher in-plane Young moduli (≈105% and ≈230%) of PBN_I and PBN_II than those of PBN_III and PBN_IV, respectively. From the above analysis, it appears that the PD/PL ratio is an important characteristic of PBN by which we can control the planar and out-of-plane stiffnesses. We have also studied the effect of PD and PL on orthogonal shear moduli (Figure S2, [Supporting Information](#notes-2){ref-type="notes"}). It turns out that for all PBN prototypes the in-plane shear modulus, *G*~*XY*~, is higher than out-of-plane shear moduli (*G*~*XZ*~ and *G*~*YZ*~) due to the small lateral stiffness of the tubes and flexibility of the junctions.

Note that all the elastic moduli discussed so far are calculated based on a gross (effective) area incorporating large voids in PBN prototypes (Figure [4](#fig4){ref-type="fig"} and Table [2](#tbl2){ref-type="other"}). Thus, it is not surprising to get elastic moduli that are 1 or 2 orders of magnitude smaller than those of pure single-wall BNNT and *h*-BN.^[@ref29],[@ref44]^ To get a more realistic comparison between PBN with pure systems, the equivalent moduli of four PBN structures are calculated (Figure S2, [Supporting Information](#notes-2){ref-type="notes"}). In this case, the net atomic area (equivalent area), as opposed to the gross area, is used to calculate the associated moduli. As a consequence, the elastic moduli are drastically increased with Young's modulus as high as 0.62 TPa in PBN_II and shear modulus of 0.3 TPa in PBN_IV. These values can be readily compared to ≈1 TPa Young's moduli of BNNT^[@ref29]^ and *h*-BN^[@ref44]^ and ≈0.3 GPa in-plane shear modulus of *h*-BN.^[@ref45]^

![Gross (effective) and equivalent (atomic) areas are shown in red and blue, respectively. The elastic properties associated with each cross-section are shown below the pictures. The symbol *t* represents the thickness of the nanotubes and nanosheets and is taken to be 0.33 nm.^[@ref29]^](jp-2014-044706_0005){#fig4}

###### Effective (Gross) and Equivalent (Atomic) Areas for PBN_I to PBN_IV Structures

            effective area (nm^2^)                                   
  --------- ------------------------ ------- ------- ------- ------- -------
  PBN_I     8.79                     8.64    11.76   8.64    11.76   11.76
  PBN_II    13.42                    13.91   25.80   13.91   25.80   25.80
  PBN_III   21.07                    20.71   11.76   20.71   11.76   11.76
  PBN_IV    31.34                    32.47   25.80   32.47   25.80   25.80

            equivalent area (nm^2^)                               
  --------- ------------------------- ------ ------ ------ ------ ------
  PBN_I     2.35                      2.31   1.78   2.31   1.78   1.78
  PBN_II    3.39                      3.52   1.78   3.52   1.78   1.78
  PBN_III   2.35                      2.31   1.78   2.31   1.78   1.78
  PBN_IV    3.39                      3.52   1.78   3.52   1.78   1.78

To present an accurate comparison with other lightweight materials, specific moduli are calculated by dividing the elastic moduli by the apparent density (density including voids) of PBN (apparent density values of different PBN are tabulated in Table [1](#tbl1){ref-type="other"}). The results in Figure S3 ([Supporting Information](#notes-2){ref-type="notes"}) reveal that specific Young's moduli of PBN (using the effective area) are 80--350 MPa/(kg/m^3^). With a similar method, the specific Young's moduli of a single boron nitride tube and boron nitride sheets are calculated to be 435--455 MPa/(kg/m^3^). The results show that the 3D PBN exhibits comparable stiffness compared with its 2D substructures, BNNT and *h*-BN.

To further explore the PBN elasticity, we calculated the in-plane and out-of-plane Poisson's ratios. We found that all PBN prototypes exhibit negative in-plane Poisson's ratios (Table [3](#tbl3){ref-type="other"}) originating from the curved junctions and wrinkled sheets, which tend to flatten out and exert strains in all lateral directions upon loading (see movies jp5044706_si_002.avi and jp5044706_si_003.avi, [Supporting Information](#notes-2){ref-type="notes"}). This feature of PBN can be exploited as a design tool to create *auxetic* nanomaterials, i.e., materials that expand (shrink) laterally upon pulling (pushing),^[@ref46]^ with potential applications in sieving, strain sensing, gas separation, and shock energy absorption.^[@ref45],[@ref46]^

###### Anisotropic Poisson's Ratios of the Four PBN Prototypes

            vxy        vxz      vyz
  --------- ---------- -------- --------
  PBN_I     --0.2833   0.1519   0.1321
  PBN_II    --0.2386   0.0647   0.0586
  PBN_III   --0.2669   0.3131   0.2737
  PBN_IV    --0.2656   0.1295   0.1255

3.3. Synergistic Deformation Mechanisms {#sec3.3}
---------------------------------------

Mechanical responses beyond elasticity can provide crucial information on deformation mechanisms, which control strength and toughness preceding the materials failure. Using ab initio validated MD simulations, we studied the stress--strain behavior of PBNs along the in-plane and out-of-plane directions until failure. Equivalent areas are used to calculate the stresses to better understand the underlying physics and compare the results with pure systems. Figure [5](#fig5){ref-type="fig"} shows the results for PBN_IV (as a representative prototype) along with average B--N bond strains and stress contour plots.

![(a) Stress--strain plot of PBN along the *Z* axis exhibits ≈30% higher toughness than pure BNNT while maintaining similar strength. This is enabled by a two-regime deformation mechanism, i.e., geometrical displacement of the sheets, and backbone stretching of the tubes. (b) Average B--N bond strains in the tubes, sheets, and octagon rings as a function of external strain. (c) Stress contour of σ~*Z*~ at ε~*Z*~ ≈ 15% (Regime 1). Sheets are minimally stressed. (d) Stress contour of σ~*Z*~ at ultimate strain ε~*Z*~ ≈ 48% (Regime 2). Tubes are maximally stressed. (e) Stress--strain plot along the *Y* axis (zigzag). (f) Average B--N bond strains as a function of external strain. (g) Stress contour, σ~*Y*~, at ε~*Y*~ = 8% depicts stress concentrations at the junctions. One third of the all octagon members are minimally stressed. (h) Stress contour, σ~*Y*~, at ultimate strain ε~*Y*~ = 26%. (i) Stress--strain plot along the *X* axis (armchair). (j) Average B--N bond strains as a function of external strain. (k) Stress contour, σ~*X*~, at ε~*X*~ = 8%. Unlike the zigzag direction, here one-third of the octagons are maximally stressed. (l) Stress contour, σ~*X*~, at ultimate strain ε~*X*~ = 21%. In (h) and (l) the dashed lines show the primary direction of crack propagation that leads to failure. In (c), (d), (g), (h), (k), and (l) the stress values are normalized to the highest stress at ultimate strain in each direction.](jp-2014-044706_0006){#fig5}

### 3.3.1. Out-of-Plane Deformation {#sec3.3.1}

In view of the computational data in Figure [5](#fig5){ref-type="fig"}a, the ultimate strain of PBN (ε~*U*~ ≈ 48%) along its out-of-plane direction is ≈80% larger than that of pure BNNT (ε~*U*~ ≈ 27%) while maintaining similar ultimate stress, σ~*U*~ ≈ 100 GPa. This significant stretching capacity comes from cooperation of two distinct deformation regimes (see movie jp5044706_si_004.avi, [Supporting Information](#notes-2){ref-type="notes"}). The first regime consists of mainly the out-of-plane deformation of the sheets, i.e., the geometrical rearrangements of the rings in the vicinity of the junctions. In this regime, although tubes are slightly strained, the geometric (rigid body) displacement of the in-plane rings (sheets) contributes most to the overall deformation while bearing small actual B--N bond strains. However, B--N bonds in the octagon rings (junctions) are highly strained to convert the imposed vertical strain to the horizontal sheets. This can be inferred from the averaged bond strains in Figure [5](#fig5){ref-type="fig"}b and stress concentrations (red dots) in Figure [5](#fig5){ref-type="fig"}c. At ε ≈ 31% the octagon ring capacities become exhausted, and their bond strains remain almost unchanged. At this point, which is the onset of the second regime (backbone stretching), the majority of the strains starts to be transferred to the BN tubes. In this second regime, the actual B--N bonds in the tubes are significantly stretched until final failure at ε~*U*~ ≈ 48% (Figure [5](#fig5){ref-type="fig"}d).

Together, the first and second deformation regimes provide an out-of-plane toughness (area under the stress--strain curve) of ≈25.9 GPa for PBN, which is ≈30% larger than that of pure BNNT (19.8 GPa). Note that here "toughness" is defined as the amount of energy per volume a material absorbs before failure (representing the work-of-fracture),^[@ref47]−[@ref49]^ which is different from the classical "fracture toughness" with the unit of Pa√*m*. The work-of-fracture is the area under the stress--strain curve and is deeply affected by gradual, graceful fracture, whereas the "fracture toughness" does not incorporate this entire process.^[@ref49]^ We stress that it is the first deformation regime that provides the extra ductility and toughness. Interestingly, such a high toughness is not sacrificed by low strength, which is typical in engineered materials.^[@ref50],[@ref51]^ This improved balance of strength and toughness along the out-of-plane direction of PBN is a significant result of this paper and is enabled by the synergistic behavior of tubes, junctions, and out-of-plane flexibility of the sheets. A somewhat similar synergistic effect in improving mechanical properties has been experimentally observed for nanocarbons of different dimensionalities.^[@ref52]^

### 3.3.2. In-Plane Deformations {#sec3.3.2}

Considering in-plane deformation of PBN versus *h*-BN (Figure [5](#fig5){ref-type="fig"}e,i), while the ultimate strains of PBN are close to those of pure *h*-BN, its ultimate stresses and toughnesses are moderately reduced (≈6--8% and ≈29--31%, respectively). This is because of the defects in the sheets, which lead to stress and strain concentrations at the junctions, therefore limiting the total allowable stress (Figure [5](#fig5){ref-type="fig"}f,g,j,k). Indeed, by strain localization around the octagon rings, the cracks initiate at a lower external stress (compared to *h*-BN) and propagate at an inclined angle with respect to the direction of applied load (see dashed lines in Figure [5](#fig5){ref-type="fig"}h,l). This premature stress build-up causes the PBN to have a lower σ~*U*~ along the in-plane directions compared to pure *h*-BN. Furthermore, there is another remarkable difference between the PBN and pure *h*-BN: there is no strain softening phenomenon in PBN along the armchair (*X*) direction. Strain softening follows the maximum stress until failure is intrinsic to the *h*-BN along its armchair direction and is validated by DFT calculations.^[@ref53]^ In PBN, it appears that the localized nature of strains on the junctions alters the overall in-plane failure mechanism. This will be studied more closely in the future.

Within the in-plane directions of PBN, the ultimate stress, σ~*U*~ ≈ 106 GPa, in the zigzag (*Y*) direction is larger than σ~*U*~ ≈ 77 GPa in the armchair (*X*) direction (cf. Figure [5](#fig5){ref-type="fig"}e,i). This disparity, which in part stems from the bond (zigzag versus armchair) orientations, is also observed in our MD simulation of pure *h*-BN and is verified by DFT calculations on pure *h*-BN.^[@ref53]^ However, there is another mechanism that contributes to this difference in PBN: the octagon rings, which are the hot spots under mechanical loading, undergo different stresses in armchair and zigzag directions. When the PBN is under axial strain in the zigzag direction, one-third of all the octagon rings (symbolized by *S*~min~ in Figure [5](#fig5){ref-type="fig"}g) is furthest away from the stress concentration points and thus bear minimum stresses (Figure S3, [Supporting Information](#notes-2){ref-type="notes"}). However, when the PBN is strained along the armchair direction, these same octagon rings (symbolized by *S*~max~ in Figure [5](#fig5){ref-type="fig"}k) are exactly coincided with the stress concentration points and thus have to sustain maximum stresses (the rest of the octagon rings bear somewhat similar stresses regardless of the direction of applied strain). Therefore, both bond orientation and stress concentrations (arising from asymmetric junctions) in PBN lead to smaller strength capacity along the armchair direction than zigzag direction.

In addition to mechano-mutable functionality of PBN presented above, other potential applications of PBN are for 3D thermal transport, gas storage and separation,^[@ref54],[@ref55]^ catalysis,^[@ref56],[@ref57]^ and functional porous composites.^[@ref58]^ As an example, compared to the bulk BN or *h*-BN flakes, PBN is a lightweight, porous structure with more than 2250 m^2^/g surface area (Table [1](#tbl1){ref-type="other"}). Unlike stacking of *h*-BN, the multiple-fold enhancement in the interlayer distance of PBN (due to integration of nanotubes) allows a significant amount of gases to be physisorbed within the slit pores at low temperature or high pressures. In view of the competing mechanisms between the size of the adsorbate, the surface area, and pore aperture size of the adsorbent,^[@ref59]^ modulating the PD/PL ratio can regulate the aperture and slit sizes of PBN, thus rendering PBN as a potential tunable membrane for separating gas mixtures or as a support for size- and shape-selective catalysis in confined environments.^[@ref60]^

Conclusion {#sec4}
==========

We introduced PBN as a new series of 3D multifunctional BN prototypes by in silico fusing of 1D BNNT and 2D *h*-BN allotropes to moderate the anisotropy of its constituents and to provide new and synergistic functionalities. Unlike the stacking of *h*-BN sheets, which exhibit weak out-of-plane properties, PBN provides substantial improvements in the out-of-plane mechanical properties. In this context, a synergistic geometrical feature is manifest via cooperation of junctions, tubes, and sheets in the 3D architecture. This unique feature can overcome the intrinsic limitations of the 1D and 2D constituents of PBN and impart superior properties including 3D balance of strength and toughness, emergence of negative in-plane Poisson's ratio, and elimination of strain softening in the armchair orientation.

Broadly, our findings lay the foundation for discovering numerous tunable, hybrid 3D BN architectures by fusing low-dimensional BN building blocks including 0D fullerene, 1D nanotubes, and 2D nanosheets. A rich set of hybrid carbon nanostructures have been developed and studied over the past years. However, similar advances for hybrid BN allotropes have thus far remained elusive. To the best of our knowledge, this paper for the first time introduces 3D BN architectures and explores their diverse mechano-mutable properties. Such architectures can complement graphene-based nanoelectronics and can also open up a plethora of opportunities to explore several fascinating nanomaterials such as next-generation 3D semiconductors with adjustable bandgap through doping of other elements into PBN,^[@ref16]^ fabricating porous networks with ultrahigh surface area and tunable aperture/slit size for gas adsorption and catalysis, and creating 3D thermal transport devices with implications in nanoscale calorimeters, microelectronic processes, and macroscopic refrigerators.^[@ref61]^

Comparison of DFT versus MD results on the stress--strain response, elastic constant tensors of PBN_I to PBN_IV, effective versus equivalent elastic moduli of PBN, relation between the location of octagon rings and stress concentration points, and three movies of the in-plane (armchair and zigzag) and out-of-plane deformations of PBN_IV. All atomic structures of the PBN prototypes are in XYZ format, and scripts used in this study are available from the corresponding author upon request. This material is available free of charge via the Internet at <http://pubs.acs.org>.
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